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Introduction
Meis homeobox 1 (Meis1) is a three-amino-acid loop extension (TALE) homeodomain protein that was first identified as a common viral integration site in myeloid leukaemic cells of BXH-2 mice (1) . (1) It is a critical effector, possibly downstream of Scl, that has a rate-limiting regulatory role in mixed lineage leukaemia (MLL) (2) and limb development (3) . (3) In addition to its role in leukaemogenesis, several lines of evidence indicate a key role of meis1 in normal hematopoiesis (4) .
Along with HOXA-9 and PBX1 genes, MEIS1 is transcribed in human CD34+ hematopoietic stem cells (HSCs) and is down regulated following differentiation (5, 6) except in the megakaryocytic lineage where transcript levels are abundant (7) . Mice lacking meis1 are not viable and die at E11.5-14.5 during development due to lack of megakaryocytes and extensive hemorrhaging (8, 9) . Mutant fetal liver cells also fail to radioprotect lethally irradiated animals and compete poorly in repopulation assays. In addition, meis1 mutant mice display localised defects in vascular patterning (8, 9) .
The mechanisms by which meis1 exerts its effect on hematopoiesis are, however, relatively poorly understood. Over the years zebrafish has proven its suitability as a model system for furthering our understanding of genetic regulation of hematopoiesis in both normal and pathological states (10) .
Like in mammals (11) , zebrafish primitive and definitive hematopoiesis take place in anatomically different locations and can be further distinguished on the basis of cell types produced. Primitive hematopoiesis produces primitive macrophages, which derive from cephalic mesoderm, and primitive erythrocytes from intermediate cell mass (ICM) (12) ; whereas definitive hematopoiesis give rise first to erythromyeloid progenitors (EMPs) (13) in the posterior blood island (PBI) and later to HSCs in the aorta-gonad-mesonephros (AGM) region (14, 15) . From the production site in the AGM, HSCs travel to the caudal hematopoietic tissue (CHT), where they expand and finally reach the pronephros and thymus, thereby settling in their final destination, the stem cell niches (16, 17) .
Meis1 is one of the most highly conserved transcription factors in hematopoiesis with over 90% amino acid sequence homology between zebrafish and other vertebrates. We exploited this high level of conservation and that of other key regulators of hematopoiesis, e.g. scl, gata1 and fli1, and determined the effect of morholino (MO) knock-down of zebrafish meis1 on progenitor and HSC cell development. In addition we studied the development of the vascular system where angiogenesis and remodeling processes are responsible for the formation of a functional circulatory system and stem cell niches. The results of our detailed studies confirm that meis1 together with pbx1 plays a quintessential role in erythropoiesis, EMP-dependent hematopoiesis and arterial-venous specification.
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Design and Methods

Quantitative analysis of number of hematopoietic cells
The number of cells (erythrocytes, scl-, gata1-and alas2-positive cells) was quantified by measuring the corresponding stained areas of the embryos (e.g. red coloured areas for erythrocytes in oDianisidine stained embryos). The grayscale patterns equivalent to the stained areas were derived by colour clustering using Adobe Photoshop CS2. The binary representations of the grayscale patterns were obtained using thresholding and background subtraction in ImageJ software. Finally, the sizes of the binary patterns were computed in Matlab 2008Rb and given as a number of pixels.
Statistical analysis
Results are expressed as means ± standard error of mean (SEM) with number (n) of experiments.
Statistical comparisons of two groups were by two-tailed t-test, using Excel. Differences were considered significant at p<0.05.
O-Dianisidine staining
Staining of hemoglobin by o-Dianisidine was performed as previously described (18). In brief, unfixed embryos were dechorionated and stained for 15 minutes (min) in the dark, with a solution consisting of o-Dianisidine (0.7 mg/ml), 0.01 M sodium acetate (pH 4.5), 0.65% hydrogen peroxide and 45% (vol/vol) ethanol. Photomicrographs were taken with a Zeiss camera AxioCam HRC attached to a LeicaMZ16 FA dissecting microscope (Leica Microsystems, Wetzlar, Germany).
Fluorescence in situ hybridization
Larvae were processed for fluorescence in situ hybridization (FISH) as previously described (19) . In brief after overnight (ON) hybridisation with antisense riboprobes (scl, gata1, alas2, c-myb, rag1, flt4 and l-plastin) at 56°C, and buffer rinses, larvae were incubated for 2 h at room temperature (RT) in anti-digoxigenin HRP conjugated antibody (1:1000) before washing and application of Cyanine 3 (Cy3)-conjugated tyramide (1:50) (PerkinElmer NEL 704A) for 1 h at RT. After staining, embryos were washed 6 times for 15 min in phosphate buffered saline (PBS). Photomicrographs were taken as described above.
Sudan Black staining of neutrophils
To identify neutrophils Sudan Black staining was performed as described previously (20, 21) and photomicrographs were taken as described above.
Meis1 antisense oligo and mRNA injections
MO targeting zebrafish meis1 atg (5'-GTATATCTTCGTACCTCTGCGCCAT-3'), meis1 splice (5'-TCGTACTGCACACACACGAATGGCA-3'), pbx1 atg (5'-CTGGTCATCCATCCTCGCCGCTGTT-3') and standard control MO (5'-CCTCTTACCTCAGTTACAATTTATA-3') were obtained from GeneTools LLC (Philomath, OR, USA). The oligos were resuspended in sterile water and approximately 1 nl was injected in zebrafish embryos, at the one-to two-cell stage. For meis1 atg concentration of 3 !g/!l and for splice MO and standard control MO concentrations of 6 !g/!l were used. The pbx1 MO was injected at 1.5 !g/!l.
Capped zebrafish meis1 sense RNA was synthesized using the mMESSAGE mMACHINE kit (Ambion, Warrington, UK) according to the manufacturer's protocol from linearized pTNTEGFP plasmids containing the complete coding region of zebrafish meis1 cDNA. Meis1-EGFP sense mRNA (200 ng/!l) was injected immediately after the injection of meis1 atg MO into one-cell embryos.
Reverse transcription-polymerase chain reaction
The efficiency of the splice-site morpholinos mediated gene knock-down was determined by reverse transcription (RT) of RNA followed by polymerase chain reaction (PCR) amplification of template.
Samples of total RNA were isolated from control and meis1 splice MO injected embryos using the DOI: 10.3324/haematol.2010.027698
RNeasy mini kit (Qiagen, Crawley, UK) and subjected to cDNA synthesis by RT using meis1F79 (5'-GATTGATTGACAGCCGGAGT-3') and meis1R (5'-CATGTAGTGCCACTGTCCCTC-3') primers and the One-step RT-PCR kit (Qiagen, Crawley, UK). The following program of cycling was used for the PCR: 50°C 30 min, 94°C 15 min, 94°C 30 seconds, 58°C 1 min, 72°C 1.5 min (35 cycles), 72°C 5 min.
Whole-mount immunohistochemistry
Embryos at 3 days post fertilisation (dpf) were fixed in a 4% methanol-free formaldehyde, 0.4% Triton X-100 for 2 h at RT, followed by 4 x 20 min washes in 1 x PBS, 0.4% Triton X-100, 1% dimethyl sulfoxide (DMSO) at RT. Embryos were then incubated in blocking solution (10% goat serum; 0.4% Triton X-100; 1% DMSO; 1 x PBS) for 1 h at RT. Primary antibody (anti-L-plastin; anti-H3P, Upstate Biotechnology Inc., NY, USA; anti-Meis1, Abcam; anti-zebrafish Ephrin B2, R&D systems) was diluted 1:500, 1:500, 1:100, 1:25 respectively in blocking solution and incubated with embryos ON at 4° C. Embryos were then washed with blocking solution 4 x 20 min and incubated ON at 4° C in fresh blocking solution containing goat anti-rabbit IgG secondary antibody coupled to Alexa Fluor 488, at a dilution of 1:250. Finally, embryos were washed 4 x 20 min in 1 x PBS, 0.4% Triton X-100 and photomicrographs were taken as described above.
TUNEL assay
Cell death was detected using the TdT-mediated dUTP nick end labelling (TUNEL) assay (In Situ Cell Death Detection Kit, alkaline phosphatase detection, Roche, Burgess Hill, UK). Embryos were fixed in 4% methanol-free formaldehyde ON at +4°C, followed by 20 min wash in PBST (0.1% Tween 20 in 1xPBS). After proteinase K digestion (5 min at RT) embryos were post-fixed in 4% methanol-free formaldehyde and stained stained in accordance with manufacturer's protocol.
Stained embryos were transferred to 100% glycerol for documentation. Photomicrographs were taken as described above.
Results
Meis1 is expressed at sites of hematopoiesis in zebrafish
Zebrafish Meis1 protein shows 94% identity at the amino acid level with its human counterpart. In addition, the primary structure of Meis1 in zebrafish has over 90% sequence homology to that of mouse, rat, Xenopus tropicalis, and fugu (Table S1, Figure S1 ). In addition to the reported expression of meis1 in brain, eyes and neural tube of developing embryos (22) (23) (24) , our whole mount immunohistochemistry with anti-Meis1 antibody reveals its dynamic expression pattern throughout development and delineates its presence in hematopoietic progenitors ( Figure 1A-H The pattern of intracellular immunostaining is compatible with both nuclear and cytoplasmatic presence of Meis1 ( Figure 1F ).
Meis1 depleted embryos show reduced number of circulating blood cells
To analyse the functional role of the Meis1 in zebrafish, we performed knock-down analysis of the meis1 gene. We designed a MO complementary to the translation initiation site of the meis1 gene to block its translation (meis1 atg MO), and injected this into zebrafish embryos at the 1-2-cell stage.
To test functionality, we co-injected a meis1-EGFP reporter construct, which is robustly expressed in control MO, but not in meis1 atg MO, injected embryos ( Figure S2Ai n MO =40; p=1.9x10 -4 ) in ICM at 24 hpf ( Figure S2B-C ). An additional meis1 MO (meis1 splice MO) was designed that creates aberrant splicing between exons 1 and 2. RT-PCR and cDNA sequencing results showed that the exons 2 to 7 were removed in splice MO injected embryos ( Figure S2D-F) . Loss of the six exons is predicted to create a truncated Meis1 protein lacking most of the amino terminal domain whilst its carboxy terminal domain, including the homeodomain, remained intact. This modified Meis1 has lost the Pbx1 interaction motif (PIM) and therefore lacks the capacity to interact with its direct interaction partner, Pbx1 ( Figure S2F ).
The optimal dose for microinjection of translation and splice blocking MO was determined so that specific defects were achieved but in the absence of gross lethality and possible off target defects 
Erythrocyte differentiation is perturbed in meis1 MO injected embryos
The reduced number of circulating blood cells of meis1 MO injected embryos prompted us to test whether meis1 plays an important role in hematopoiesis during early zebrafish development. To examine the requirement of the meis1 transcript during hematopoiesis, the expression of multiple marker genes for both primitive and definitive hematopoiesis were analyzed using in situ hybridization and immunohistochemistry. We first tested whether depletion of Meis1 affects the number of erythroid cells using o-Dianisidine staining. In control embryos, hemoglobin-positive cells were found soon after circulation starts at 30 hpf, whereas meis1 MO injected embryos lack staining completely (n control =35 versus n MO =35), ( To further explore the hematopoietic defect in meis1 MO injected embryos, we examined the expression of several hematopoietic markers, namely: scl, gata2, gata1, alas2 and hbbe3 (n=30). All Whereas in control embryos gata1 expression slowly decreases and localises mostly to PBI at 30 hpf (26/27 embryos), in meis1 atg MO injected ones it persists at high levels and in 74% of these it is distributed throughout the whole length of the ICM (n MO =38) ( Figure 3G-H) . Furthermore, at 48 hpf in 70% of meis1 MO injected embryos cells were still expressing high levels of gata1 in the ICM (n MO =30) ( Figure 3I -J). In addition, at 24 hpf we observed 1.5 fold increase in the expression of scl in meis1 MO injected embryos (4622±752 pixels , n control =26 versus 6815±648 pixels , n MO =23; p=1.1x10 -2 ),
( Figure 3A -B, Figure S6A ) and 77.5% increase at 30 hpf in comparison with the control (2381±301 pixels , n control =20 versus 4229±574 pixels , n MO =24, p=4.8x10 -3 ), ( Figure 3C -D, Figure S6B ). As primitive erythroblasts mature, they start to express erythroid specific genes necessary for hemoglobin synthesis, including alas2. Alas2 expression in meis1 MO injected embryos showed three-fold increase (3034±766 pixels , n control =36 versus 10172±234 pixels , n MO =40; p=1.7x10 -3 ) in comparison with control embryos at 30 hpf ( Figure 3K -L, Figure S6D ).
The observed absence of mature erythrocytes in meis1 MO injected embryos at 30 hpf, as shown by the lack of o-Dianisidine staining, and a concomitant presence of gata1 and alas2 staining suggest that meis1 exerts its effect independently from gata1 and alas2. These results are compatible with the notion that, in zebrafish, meis1 is required for terminal erythroid differentiation during primitive hematopoiesis.
Meis1 MO injected embryos exhibit reduced number of neutrophils and macrophages
The first leukocytes to appear in developing embryos are the primitive macrophages (26) . These macrophages can be visualised in Tg(fli1:EGFP) expressing embryos (27) . Embryos in which meis1 We next tested whether depletion of meis1 affects the number of neutrophils. At 48 hpf we observed a 67% (p=1.4x10 -7 ) and 81% (p=2x10 Figure S8A, B) and a concurrent ectopic expression of the venous marker flt4 at 30 hpf ( Figure S9A , B). Our observations are comparable to those made by Minehata et al and confirm that the loss of meis1 leads to a major disruption of the segregation of angioblasts and the associated vessels lumen formation (22) .
Definitive hematopoiesis is severely impaired in meis1 MO injected embryos
We next inspected whether the definitive hematopoiesis is affected by meis1 knock-down. Definitive hematopoiesis is thought to begin at 26 hpf in cells in the subaortic mesenchyme (the zebrafish AGM) (14) . Current data suggest that arterial specification is required for proper HSC emergence from the ventral arterial endothelium of the dorsal aorta (28, 29) . To determine whether in meis1 MO injected embryos HSCs could emerge from the trunk endothelium we investigated c d 4 1 low expression, using Tg(cd41:EGFP) transgenic line, since its expression appears to be one of the first markers of definitive hematopoiesis. As expected there were no GFP low cells present in the CHT of meis1 depleted embryos at 72 hpf ( Figure 5A-B) . Consistent with these data we could not detect any thrombocytes in 3.5 dpf old embryos, (n control =20 versus n MO =20) as confirmed by the absence of cd41 bright positive cells in a Tg(cd41:EGFP) transgenic line ( Figure 5A-B) ; also no rag1 expression (n control =24 versus n MO =22) was detectable in the thymus of meis1 MO injected embryos at 4 dpf ( Figure 4E '-F').
In addition to cd41 low , we examined the expression of the definitive hematopoiesis marker c-myb The c-myb in situ staining was mostly confined to the aortic roof and vein (30/32) rather than AGM MO treated embryos, we observed a severe disruption of vascular development ( Figure 6G '-J'). In conclusion the phenotypes observed in pbx1 MO injected embryos were strikingly similar to those of meis1 MO injected ones.
Discussion
In this study we demonstrate that zebrafish meis1 is necessary for both primitive and definitive hematopoiesis as well as for proper arterial-venous specification. Primitive hematopoiesis consists of anterior myelopoiesis and posterior ICM erythropoiesis, two events that occur independently (12) .
Our loss of function analysis indicates that, although anterior myeloid development can occur unhampered, posterior erythroid differentiation requires meis1 and its absence results in a severe reduction of the number of mature erythrocytes. To understand the mechanisms underlying the observed defects in erythropoiesis we analysed the expression of several early and late lineagespecific hematopoietic markers. Gata1 promotes erythroid cell fate in zebrafish and is required for their specification and differentiation (35, 36) . Whereas in control embryos gata1 expression in the ICM slowly decreases after 30 hpf, as blood cells mature and enter the circulation, it persists at high levels in meis1 MO injected embryos. Furthermore, by 30 hpf a large fraction of meis1 MO injected embryos have about 70% increase in the number of alas2 positive cells in the ICM and a complete lack of mature o-Dianisidine positive erythrocytes, when compared with control and silent heart embryos, respectively. The increase in number of gata1 and alas2 positive cells is neither generated by excessive cell proliferation nor by decreased apoptosis of progenitor blood cells, suggesting an alteration in the kinetics of hemocytes entering into the circulation. In addition, the accumulated erythroid cells failed to achieve terminal differentiation, as shown by the lack of oDianisidine staining, and persistence of high levels of gata1 expression in the ICM, even at 48 hpf.
Erythroid progenitors also abundantly express the proto-oncogene c-myb, which is typically downregulated upon differentiation (32) . In control embryos at 30 hpf c-myb expression is confined to the HSC of the AGM, whilst in meis1 MO injected ones it persists at high levels in erythroid progenitor cells preventing their further maturation. The increase in c-myb is not related to the slower circulation in meis1 MO injected embryos because the same is not observed in silent heart embryos.
Notably, Pillay et al have also recently reported findings that MO meis1 knock-down leads to severe decrease in the number of mature erythrocytes (37) . They proposed that meis1 acts upstream of gata1 and suggested that this was caused by a modest reduction in the level of the gata1 transcript otherwise and show the presence of ISVs. In contrast to vegfa MO injected embryos (42) meis1 MO injected embryos still formed ISV, an observation that is compatible with the notion that meis1 expression is most likely independent of vegfa and notch signaling. Meis1 MO injected embryos do exhibit a heart loop defect (22) , with lower beating rate but we consider it unlikely that this contributes to the atypical vascular tube formation and the lack of proper remodeling of the PCV.
Studies of the silent heart mutant zebrafish, that develop without a beating heart, reveal that primary vascular patterning is intact and not reliant on blood flow (43, 44) . However, the second wave of definitive hematopoiesis, which occurs through HSC generation in the AGM, is dependent of blood flow and proper vasculature development. Thus the relative paucity of cd41 low cells in meis1 MO injected embryos is most likely explained by a strongly reduced specification of HSCs due to the shift in AV identity and decreased circulation.
In conclusion, our data strongly suggest that meis1 knock-down has a profound effect on primitive erythropoiesis, EMP cells and also severely disrupts the proper development of the vasculature, which results in a severe impairment of the second wave of definitive hematopoiesis. This is associated with the absence of mature lymphoid, myeloid progeny and thrombocytes. Hence meis1 function is essential in early and later events of hematopoiesis, but further studies are required to determine the precise position of Meis1 in the regulatory networks that control hematopoiesis.
Authorship and Disclosures
AC designed and performed the experimental work, analyzed the data and wrote the paper; JSC performed the experimental work; DLS and WHO planned the project, analyzed the data and edited the manuscript. Table S1 . Percent identity between human, mouse, rat, fugu, and Xenopus tropicalis to zebrafish translated amino sequence of Meis1.
